Abstract This study examines the ability of live Rhizophora stylosa prop roots to heal damaged tissues and defend against herbivorous attack from teredinids in three mangrove forests. Sites were chosen because damaged roots and teredinid activity were frequent. Responses of 81 R. stylosa roots to three levels of experimental damage were investigated: superficial, moderate and severe. Tannin intensity post damage was analysed using ImageJ. Losses of tissue and numbers of teredinid tunnels within damaged roots among sites were not significant in magnitude. Tissue regrowth varied significantly among roots; moderately damaged roots had an over compensatory regrowth of tissue. Yet, few roots with severe damage demonstrated the same level of excessive tissue regrowth, and many roots lost tissue to necrosis and teredinid attack. Superficially damaged roots did not succumb to teredinid attack. Rhizophora stylosa roots are able to defend against teredinid larval settlement by production of tannins in damaged cortex tissue and by an over compensatory regrowth. This study highlights the resilience and ability of mangroves to heal damaged roots and defend against woodborers. But, when losses of tissues expose the vascular cylinder, teredinid larvae will settle and tunnel into the root. The roots are then open to infection, and cell necrosis.
Introduction
In mangrove forests, trees are attacked by both terrestrial and marine animals (Ellison & Farnsworth, 1996; Feller, 2002) . Mangrove wood herbivores range from insects such as beetles (Perry, 1988; Feller & Mathis, 1997) to wood-boring aquatic molluscs (Teredinidae) (Robertson & Daniel, 1989) . Mangroves are also subject to tunnelling by non-herbivorous aquatic wood-boring isopods (sphaeromatidae), where principally the mangrove prop and aerial roots are attacked and damaged (Svavarsson et al., 2002) .
Damage to prop roots may also occur from physical actions such as abrasion (Gill & Tomlinson, 1977) , or by falling branches from the canopy. Debris brought in by the tides and extreme storm events may also damage mangrove roots (McIvor et al., 2013; Jusoff, 2013) , which are predicted to increase (Bhatt & Kathiresan, 2012) . Anthropogenic activities will also damage prop roots. Artisanal fishers damage many prop roots from harvesting oysters by hacking the bivalves off the roots using machetes (Crow & Carney, 2013) .
Studies of prop-root damage from wood-boring animals are primarily focussed upon sphaeromid isopods (Perry, 1988) . In Costa Rica, the destructive effect of the sphaeromid, Sphaeroma peruvianum Richardson, 1910 on live mangrove root tissues can reduce the growth rates of Rhizophora mangle L. aerial prop roots by 50% (Perry, 1988) . Trees affected by isopods may suffer lower performance as photosynthesis, gaseous exchange and nutrient uptake would be reduced compared to uneaten trees. The total effect of minor damage can therefore negatively affect trees by diverting energy to repairing the damage (Brooks & Bell, 2002) , compromising root and tree fitness. However, it is thought that sphaeromids are unable to burrow into older developed roots that reach the substratum due to the development of woody tissue in the older roots (Perry, 1988) . The development of woody tissue may be an attractive habitat for larval teredinids to settle upon, but teredinids predominantly process dead wood in the mid-to-low intertidal (Filho et al., 2008; Hendy et al., 2013 ). Increased tidal inundation may then enhance the breakdown of damaged mangrove roots because densities of wood borers become more numerous with longer immersion (Robertson & Daniel, 1989; Svavarsson et al., 2002) .
Some trees are protected from herbivorous attack by their chemical and structural anti-herbivore defence mechanisms (Turner, 1976; Brooks & Bell, 2002) . Plants are able to survive in environments where herbivores are common due to their ability to resist or recover from repeated herbivory (Brooks & Bell, 2002; Hanley et al., 2007) . To combat attack, some plants release tannins (Bloch, 1952; Alongi, 1987) . However, it is beneficial for the plant to produce these chemical compounds only when they are required as herbivore attack is random and variable (Hol et al., 2004 ). The energy required to produce tannins can be costly Karban et al., 1997) . Thus, particular mangrove trees may express resistance only when it is needed to reduce energetic cost into producing the tannins.
Energy expenditure may eventually lead to a decrease in fitness. The loss of fitness may be due to increased energy investments and greater use of resources . Conversely, herbivory may be beneficial (Paige & Whitham, 1987; Paige, 1992) . Herbivory on plants elicits a physiological response that can create an over compensation (excess) regrowth of tissue (Lennartsson et al., 1998) . Increased plant growth may ultimately achieve greater fitness (Paige & Whitham, 1987) .
There are few reports of teredinids attacking live Rhizophora prop roots (Roonwal, 1954, see Fig. 1 ). It is thought that larval teredinids are unable to infest living trees (Rimmer et al., 1983; Kohlmeyer et al., 1995) as the bark is tannin-rich (Alongi, 1987; Borges et al., 2008) . Teredinids are the major detritivores in mangrove forests that have high levels of dead wood, and they mechanically break down the wood (Robertson, 1990; Kohlmeyer et al., 1995) . However, teredinid larval settlement may occur only after the bark has deteriorated (Kohlmeyer et al., 1995) and the tannins have leached away (Borges et al., 2008) . The colonised wood may take anywhere from 2 to 15 years to completely break down (Robertson & Daniel, 1989; Kohlmeyer et al., 1995) . Eventually, the broken-down woody fragments, teredinid faeces and teredinid biomass may be consumed by marine organisms in adjacent ecosystems (Robertson & Daniel, 1989) . This means that wood borers may benefit mangrove ecosystems by breaking down dead wood, even though they do cause damage to some living tissues (Barkati & Tirmizi, 1991) .
Plants also express resistance to herbivory via strategies labelled as tolerance mechanisms (Paige, 1999; Brooks & Bell, 2002) , defined as tissue repair and regrowth after exposure from stress. Tissue regeneration reduces the risk from potential infection (Wier et al., 1996) . Plants respond to damage and infection by compartmentalising the affected area, reducing the spread of infection to healthy tissues (Bloch, 1952) . Compartmentalising sets boundaries that resist the spread of the invading microorganisms (Shigo, 1985) . Mangrove plants may likely use the tolerance strategy against damage or stress (Brooks & Bell, 2002) , as many other angiosperms have evolved this response to combat herbivore attack (Strauss & Agrawal, 1999) . Mangroves may also be particularly resilient to stress because of the nature of the environment. Diurnal changes of salinity, temperature and tidal inundation can be particularly stressful for mangroves (Tomascik et al., 1997) .
This study aimed to determine why Rhizophora stylosa Griff trees were not toppled by wood boring teredinids by assessing the level of damage required to expose roots to teredinid colonisation. We also aimed to assess the regenerative capabilities of mangrove roots under different levels of damage. This work tested the prediction that after 1 year R. stylosa roots with: (1) superficial levels of damage (removal of the outer bark, the periderm) will not be attacked by teredinids and will make a full recovery; (2) moderate levels of damage (removal of the cortex) will elicit an over compensatory level of tissue regrowth; and (3) severe levels of damage (removal of the inner radial wall of the vascular cylinder) will die due to a high level of stress.
Rhizophora stylosa prop roots were inspected for damage to determine the level required for teredinid activity. To assess the frequency of different levels of damage, roots were counted in the mangrove forests. The levels of damage upon the prop roots were replicated experimentally on non-damaged prop roots to determine which of the prop-root surfaces are colonisable by teredinids. The protective layers of the roots, the periderm, cortex and vascular cylinder were removed to measure the ability of roots to recover. The extent of infestation by teredinids was quantified. This work was carried out in three sites in East Sulawesi, Indonesia. The sites were chosen because damaged roots were frequent and teredinid activity was also common.
Materials and methods

Root scar experiment
The experiments took place in three intertidal R. stylosa-dominated mangrove forests in the Tukang Besi archipelago, Wakatobi Marine Park, East Sulawesi, Indonesia (see Cragg & Hendy, 2010 for site details). Six plots measuring 10 m 9 10 m were designated to estimate the number of naturally occurring damaged prop roots in the mangrove forests. Rhizophora stylosa prop roots in six plots measuring 10 m 9 10 m were accessed for damage to determine the level required for teredinid recruitment. In each mangrove forest, three plots measuring 10 m 9 10 m were designated for the experimental damage. Tidal immersion ranged between 18 and 19 h per day to ensure access to experimentally damaged roots by teredinid larvae. The experimental damage consisted of one of three surgical treatments with increasing severity upon individual roots. Each treatment was conducted no more than 20 cm from the substratum. Within each plot, each treatment was conducted on three individual roots totalling nine roots per plot and 27 roots per site. Within all the sites, a total of 81 roots were used. The first surgical treatment (superficial) consisted of removal of the outermost layer of the bark, the periderm ( Fig. 2A) . The second treatment (moderate) consisted of additionally removing the cortex (Fig. 2B) , exposing the central vascular cylinder (or stele). The third treatment (severe) consisted of additionally removing the inner radial wall of the vascular cylinder, exposing the inner pith (Fig. 2C ).
All surgical treatments were cut into live roots using a diver's knife, and each root scar measured 4 cm across by 10 cm along the length of the root. All root circumferences and scar depths were measured before and during a 12-month period using a tape measure and callipers.
Digital images were taken of each treated root over 12 months. The level of tannin content based on colour intensity on each root over a short term of 0 to 45 days was estimated using the digital analysis package ImageJ Version 1.46r. ImageJ uses a red, green and blue (RGB) colour scale. Light is emitted and displayed by the intensity at which these colours are projected. To estimate tannin content, we focussed on red light intensity in each image. ImageJ specifies the intensity of red as an integer between 0 and 255. A colour with red set to 0 specifies the absence of colour and emits no red light. A colour with red set to 255 will appear bright red, or fully saturated with colour. Previous studies have successfully used digital analysis to predict tannin content based on the colour of the image. A strong relationship between colour and tannin content was found (Sedghi et al., 2012) .
Root analysis after 12 months
Treatments on 24 of the experimentally damaged roots were cut transversely into sections after 12 months. For each of the levels of damage, eight roots were used. For the superficially damaged roots, 40 sections were cut. For the moderately damaged roots, 36 sections were cut; and for the severely damaged roots, 35 sections were cut. If present, all teredinid tunnels in each section were counted. Sections were inspected for evidence of necrotic cellular damage and then measured to calculate the area of cellular regrowth or loss using ImageTool Version 3.00 (The University of Texas Health Science Centre at San Antonio).
Data analysis
Live roots
Differences of colour intensities used as a proxy for tannin content between surgical treatments over time were examined using a General Linear Model (GLM) with time and treatment as factors. Differences of root tissue regrowth after 12 months exposed to the surgical treatments among the three mangrove localities were examined also using a GLM, with site and treatment as factors. A Fisher's exact test was used to test for differences between live and dead roots. Percentage data were normalised using arcsine transformation.
Root section analysis
Differences of numbers of teredinid tunnels in sections exposed to the surgical treatments among the three mangrove localities were examined using PERMA-NOVA in Bray-Curtis matrices and post hoc pairwise tests. Values of percentage surface area of tissue regrowth and loss, and the number of teredinid tunnels were tested for differences using Box Plots. A Chi square test was used to examine differences between sections and the number of teredinid tunnels after 12 months. A Fisher's exact test with a post hoc pairwise test was used to test for differences between sections with or without lateral outgrowth of new vascular tissue after 12 months.
All statistical analyses were performed using MINITAB (MINITAB Inc, version 13.20) and PRI-MER 6.1 (PrimerE Ltd: Plymouth Routines in Multivariate Ecological Research).
Results
Naturally occurring damaged prop roots
In the study site, many roots were damaged either by use of tools during firewood collection or by physical abrasion. Of all the roots that were inspected, 20.6% had been damaged. To add, many undamaged roots showed signs of full wound healing and recovery. Per hectare, there were 950 ± 216 (mean ± SE) roots with damage equivalent to the ''superficial'' category used in this study, 1033 ± 281 (mean ± SE) with ''moderate'' damage and 1683 ± 343 (mean ± SE) with ''severe'' damage. The most prevalent level of damage was severe damage, which is a measure of unhealable damage (PERMANOVA, F 2,17 = 93, P B 0.001).
Short-term colour intensity (tannin production) on experimentally damaged roots The cortex of the root took on a strong red colouration after being experimentally damaged. Colour changes on roots with superficial damage occurred within 30 min. Changes on moderately and severely damaged roots were more rapid and conspicuous. No colour changes were observed with the pith tissues protected by the vascular cylinder.
No significant differences in red intensity were detected among the sites (GLM, F 2,932 = 3.2, P C 0.05). However, intensity declined over time in all three levels of damage and was significantly lower on roots subject to superficial damage than on the more severely damaged roots (GLM, F 2,932 = 79.8, Hydrobiologia (2017) 803:333-344 337 P B 0.001), and time (Fig. 3 , GLM, F 6,932 = 272.7, P B 0.001.
Long-term tissue regrowth and wound healing
After 12 months, no differences of tissue loss and regrowth were detected between the three mangrove localities (GLM, F 2,41 = 0.6, P C 0.05). However, significant differences were found with tissue regrowth among the root treatments (GLM, F 2,41 = 12.6, P B 0.001). The greatest amount of tissue regrowth was found in the moderately damaged roots (PERMANOVA, F 2,108 = 8.1, P B 0.001).
More than 95% of roots exposed to superficial damage had made a complete recovery. Tissue regrowth was minimal with an increase of 3% ± 0.3% of the original circumference before surgery. No roots died when exposed to this level of damage (Fig. 4) . Tissue regrowth from roots exposed to moderate levels of damage was significantly more compared to the regrowth measured from superficially or severely damaged roots (Fig. 4 , PERMANOVA pairwise, P B 0.05 and B0.001, respectively). Almost 80% of moderately damaged roots had made a full recovery. Fifty-seven percent of those roots exceeded their initial size before surgery by 13 ± 2.4%. The greatest percentage of tissue regrowth measured on a moderately damaged root was 27.3% greater in circumference compared to its original size. Zero percent, 15 and 8% of the roots exposed to superficial, moderate and severe levels of damage (respectively) died. Moderately and severely damaged roots had a significantly greater mortality compared with superficial roots (Fisher's exact test, P B 0.001). No difference of mortality was found between the moderately and severely damaged roots (Fisher's Pairwise Comparison). Many roots exposed to moderate and severe levels of damage had necrotic cell damage. Sixty-six percent of the roots exposed to a severe level of damage made a full recovery. Sixty-one percent of those roots had exceeded their initial circumference with an increase of 9 ± 2% before surgery. The greatest percentage of tissue regrowth was 21% greater in circumference compared to its original size. Root tissue loss was also great, with -31 ± 13% loss of the original circumference (Fig. 4) .
Root section analysis
Losses of root tissue (percentage of cm 2 ) were greatest in sections cut from severely damaged roots. But regrowth was greatest in sections cut from moderately damaged roots. Sections cut from superficially damaged roots had almost no measurable changes. No differences were found with the number of teredinid tunnels in sections among the three mangrove localities (PERMANOVA, F 2,108 = 1.1, P C 0.05). However, significant differences were found with the number of teredinid tunnels in sections among different surgical treatments (PERMANOVA, F 2,108 = 4.5, P B 0.001). A greater number of teredinid tunnels were found when the vascular cylinder of the roots had been removed compared with the roots without exposed pith (Chi squared, P B 0.001). No teredinid tunnels were recorded within the superficially damaged sections (Fig. 5) . The analyses of the sections revealed that of the moderately damaged roots, two roots out of 81 roots were colonised by teredinids. Twelve percent of the severely damaged roots were attacked by teredinids, and sections cut from severely damaged roots had between three and 10 teredinid tunnels.
Lateral out-growths of vascular tissue were found growing from the vascular cylinder, but only in moderately and severely damaged roots. Almost 75% and 36% of all moderately and severely damaged sections, respectively, had lateral out-growths from the cylindrical vascular tissue. Fig. 4 Rhizophora stylosa root tissue recovery and loss after 12 months exposure to the three levels of root damage. x-axis = percent of root circumference removed, y-axis = percent of root circumference recovery after 12 months. Note on the y-axis, 100% = the original root circumference before damage Fig. 5 Box plot analysis of the roots exposed to the three surgeries. The number of teredinid tunnels within sections exposed to superficial, moderate and severely damaged roots. The boundaries of the boxes indicate the 1st and 3rd quartiles. The line within the box marks the median. Outliers are marked as asterisks Hydrobiologia (2017) 
Discussion
Plant response to experimental damage
The superficially damaged R. stylosa prop roots did not respond with excess regrowth of tissues, and shipworms were unable to settle upon the exposed cortex. The parenchyma in the cortex contains numerous tanniniferous cells (Gill & Tomlinson, 1971) , and the tannins these generate may prevent the herbivores from attacking (Feller, 2002) . Many roots subjected to experimental damage to the treatments became discoloured and black on the damaged areas. This may have been caused by the large amount of tannins present in the roots (Suh et al., 2014) . Tannins undergo oxidation and oxidative darkening produces red, brown and black pigments in the presence of moisture (Nemeth et al., 2013) . The blackening of the wounds in the roots is due to the formation of a tannin-ferric iron complex, which counteracts potential toxicity to the roots via oxidation (Kimura & Wada, 1989) . When the woody vascular cylinder was exposed by the two more radical treatments, the plant became vulnerable to teredinid attack. The vascular cylinder is the water-carrying component (Gill & Tomlinson, 1971) , and the inner limit of the cortex is tannin-free (Gill & Tomlinson, 1971) . The absence of tannins means there was no chemical defence against teredinid larval settlement. In addition, exposure of the woody tissues may induce settlement behaviour, while the spongy cortex layer may not provide the necessary settlement cues. This level of damage allowed settlement for teredinids, rendering the root vulnerable to tissue and water loss, and the root may then die.
Many moderately damaged roots had a remarkable over compensation of tissue regrowth when compared with superficially and severely damaged roots. The wound response of a mangrove is increased by the level of injury. This over compensation is an example of the tolerance mechanism (Brooks & Bell, 2002) , highlighting the resilience of mangroves. Parenchyma cells have the ability to change when stressed and, after tissue damage, may alter the cell physiology and regulate cell growth (Bloch, 1952) . Parenchyma cell differentiation may change from generation of parenchyma to generation of cork and sclerenchyma cells (Bloch, 1952; Wier et al., 1996) . Wound-initiated tissue regrowth, also known as wound periderm, compartmentalises wounds and may prevent the spread of potential pathogens to healthy plant tissues (Wier et al., 1996) . Plants subject to herbivory may outperform uneaten plants, and plants with an over compensatory level of tissue regrowth produce greater numbers of seeds when compared with uneaten conspecifics (Paige, 1992) .
A lower amount of energy is required by the plant to repair superficially damaged tissues than that needed to compensate for moderate or severe damage. The stress imposed to the plant by the increased energy requirement may also be magnified by the stress imposed by teredinid tunnelling. Not all roots were tolerant to the removal of tissues. This may be due to the variation and frequency of teredinid attack coupled with the severity of damage imposed upon each root. Many roots with exposed pith contained teredinid tunnels and had necrotic tissue damage, and some of the damaged root areas were completely lost. It is not uncommon for trees to shed dead or damaged areas. Shedding prevents possible risk of decay extending into the healthy tissues (Mattheck & Breloer, 1994) .
The variation of tissue loss and regrowth between the different surgeries may be due to the degree of stress tolerance of each root. The degree of tolerance can be expressed as compensation to the plants ability to tolerate herbivore attack (Strauss & Agrawal, 1999) , or stress. There are many extrinsic and intrinsic factors for which the plant needs to compensate within each forest, e.g. frequency of herbivore attack and chemical defence investment (Brooks & Bell, 2002) . Thus, energy investment for wound healing leading to a full recovery varies with locality.
Roots exposed to moderate and severe levels of damage had lateral out-growths of new vascular tissue extending from the vascular cylinder. When tissue patterns arise that differ from the norm, or when a lack of pattern is encountered, the cellular regrowth can be classified as atypical (Bloch, 1952) . Other authors have reported the same outgrowth of vascular tissue in R. stylosa prop roots. Wier et al. (1996) found proliferations of vascular tissue at the cut ends of the vascular cylinder. As renewed cortex grows over the damaged area, a new formation of the vascular cylinder is produced that appears to grow into the new cortex tissue. The growth of the new vascular tissues may provide some structural rigidity for the new cortex. This adaptation may be induced by over compensation of the tolerance mechanism (Haukioja & Koricheva, 2000; Brooks & Bell, 2002) . The damaged area produces an increase of parenchyma cells, and the new outgrowth of non-radial vascular tissue may offer structural rigidity for the increased mass of cortex tissues. In addition, a constituent component of the cortex tissue is suberin. Mechanical wounding of plant tissues activates genes that induce the production of the enzyme phenylalanine ammonia lyase that assists the production of suberin (Karban & Myers, 1989; Doorn & Cruz, 2000) . An increase of suberin helps with parasite resistance and provides immunity to further infection in the damaged tissues (Karban & Myers, 1989; Franke & Schreiber, 2007) . Thus, due to increases of suberin, the plants defence against infection and overall fitness may have been enhanced.
Factors in the plant's environment such as salinity and immersion time can also affect its tolerance to herbivory (Strauss & Agrawal, 1999) . Experiments within the three sites were conducted in areas of each forest where teredinid populations thrive in areas of prolonged tidal immersion. Coupled with prolonged immersion, with greater root damage, the level of teredinid tunnelling increased. The rapid recruitment of teredinids found in severely damaged roots may have been facilitated by the removal of the cortex layer that protects the inner vascular cylinder. The vascular cylinder is tannin-free (Gill & Tomlinson, 1971) , making teredinid settlement possible (Turner, 1976) . Therefore, tissue loss after one year within the severely damaged roots went beyond the original scaring. Thus, root fitness was compromised. This was also apparent with naturally occurring severely damaged roots, as evidenced by the many teredinid tunnels.
The morphological and physiological resilience of mangrove trees enhances their survival in marine habitats. The regenerative abilities of R. stylosa prop roots and the plant's fitness are dependent upon the level of damage imposed to the tissues, coupled with extrinsic factors such as intensity of herbivory. Indeed, there were a large number of naturally damaged roots in the mangrove forests in this study, and many of those roots showed signs of complete recovery. However, those roots with teredinid tunnels were either necrotic or dead in a similar way to that observed in the experimentally severely damaged roots.
Herbivorous attack from sphaeromids and teredinids is different within mangroves. Sphaeromids may benefit the plant by inducing increases of lateral out-branching of new aerial roots (Ribi, 1982) . However, studies have shown that the cumulative effect of localised isopod borer damage can scale up to negatively affect the whole tree (Perry, 1988; Brooks & Bell, 2002) . Mangroves with many isopod burrows have significantly fewer propagules, ground roots and pneumatophores when compared with non-burrowed conspecifics (Davidson et al., 2014) . However, teredinids are the only borers able to penetrate the thicker woody tissue. The effect of teredinids within the root will result in a greater loss of tissues, but only when the level of damage has compromised the vascular cylinder. Root death may generate woody detritus within the mangrove forests. The activity of the teredinids within woody debris creates many tunnels, which when vacant may provide niches for many animals (Cragg & Hendy, 2010; Hendy et al., 2013) .
This study demonstrates the remarkable ability of mangroves to combat herbivorous activity by the bark barrier, by the production of tannins in damaged cortex tissue and/or by an over compensatory regrowth of tissue. But when the vascular cylinder is accessible, teredinid larvae can settle and begin tunnelling into the live roots. The roots are then open to infection, and cell necrosis will ensue. However, necrotic regions tend to become isolated from the rest of the tree, so that the stability of the tree itself is not significantly compromised. These data demonstrate that R. stylosa prop roots are able to defend against teredinid larval settlement when exposed to superficial damage, and prop roots are able to produce an over compensatory level of tissue regrowth with moderate damage increasing root fitness. Yet, when the loss of tissues penetrates the tannin-free vascular cylinder normally protected by the cortex layer, teredinid larvae are able to settle and tunnel into the prop root.
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